Leaf senescence can be triggered and promoted by various environmental stressors, developmental cues, and endogenous hormone signals. Several lines of evidence have suggested the involvement of WRKY transcription factors in regulating leaf senescence, but the underlying mechanisms and signaling pathways involved remain elusive. In this study, we identified Arabidopsis thaliana WRKY DNA-binding protein 45 (WRKY45) as a positive regulator of age-triggered leaf senescence. Loss of WRKY45 function resulted in increased leaf longevity in age-triggered senescence, whereas overexpression of WRKY45 significantly accelerated age-triggered leaf senescence. Consistently, expression of SENESCENCE-ASSOCIATED GENEs (SAGs) was significantly reduced in wrky45 mutants but markedly enhanced in transgenic plants overexpressing WRKY45. Chromatin immunoprecipitation assays revealed that WRKY45 directly binds the promoters of several SAGs such as SAG12, SAG13, SAG113, and SEN4. Both in vivo and in vitro biochemical analyses demonstrated that WRKY45 interacts with the DELLA protein RGA-LIKE1 (RGL1), a repressor of the gibberellin (GA) signaling pathway. We found that RGL1 repressed the transcription activation function of WRKY45, thereby attenuating the expression of its regulon. Consistent with this finding, overexpression of RGL1 resulted in significantly increased leaf longevity in age-triggered senescence. Taken together, our results provide compelling evidence that WRKY45 functions as a critical component of the GA-mediated signaling pathway to positively regulate age-triggered leaf senescence.
INTRODUCTION
Plant senescence is a highly coordinated process (Quirino et al., 2000; Lim et al., 2003; Yoshida, 2003) during which leaf cells undergo a series of active degenerative alterations, including the degradation of chloroplasts, the reduction of cytoplasmic volume, and the decrease in cellular metabolic activity (Lim et al., 2007; Ren et al., 2010) . These extensive changes reflect the dramatic alterations in cell metabolism that underpin the developmental transition from photosynthetically active leaf to a senescing organ that serves as a source for mobilizable nutrients. The nutrients released during senescence are mobilized from the dying leaves to support active growth in younger parts of the plant, leading to increased reproductive success (Gan and Amasino, 1997; Guo and Gan, 2005; Lim et al., 2007) .
Senescence is the final stage of leaf development and is a developmentally programmed cell death process that can be regulated by both endogenous and environmental signals Amasino, 1995, 1997; Yoshida, 2003; Guo and Gan, 2005) . Upon perception and transduction of various senescenceassociated signals, plants initiate changes in gene expression and physiological activity (Gan and Amasino, 1997) , which ultimately result in the development of the senescence phenotype. Phytohormones have been reported to affect leaf senescence via complex interconnecting pathways (Grbic and Bleecker, 1995; Morris et al., 2000; He et al., 2002) , with abscisic acid (ABA), ethylene (ET), jasmonic acid (JA), salicylic acid (SA), and brassinosteroids promoting senescence, and cytokinins and auxin inhibiting senescence (Gan and Amasino, 1997) . The role of gibberellin (GA) signaling in leaf senescence remains elusive. It has been suggested that the effect of GA on leaf senescence may be dependent on the GA dosage or the situation of the treated leaves ; however, this should be further clarified.
GAs are a large group of tetracyclic diterpenoids that modulate diverse developmental processes throughout the plant life cycle; for example, seed germination, stem elongation, leaf expansion, trichome development, and floral transition (Achard and Genschik, 2009) . Studies have demonstrated that the GA signal is received and transduced by the GIBBERELLIN INSENSITIVE DWARF1 (GID1) GA receptor/DELLA repressor pathway (Ueguchi-Tanaka et al., 2007) . In Arabidopsis, DELLA proteins, namely GA INSENSITIVE (GAI), REPRESSOR OF ga1-3 (RGA), RGA-LIKE 1 (RGL1), RGL2, and RGL3, are the key repressors of almost all GA responses and have unique and overlapping functions (Peng et al., 1997; Silverstone et al., 1997 Silverstone et al., , 2001 Dill et al., 2001 ; Lee et al., 2002; Wen and Chang, 2002; Tyler et al., 2004; Sun, 2008) . Binding of GA to its receptor GID1 promotes the GID1-DELLA interaction and subsequently stimulates formation of the GID1-GA-DELLA complex, finally leading to the ubiquitination and subsequent degradation of DELLA proteins by the SCF SLY1 -26S proteasome pathway (McGinnis et al., 2003; Dill et al., 2004; Fu et al., 2004) . DELLA proteins lack a canonical DNA-binding domain and exert their molecular functions via physical interactions with a wide array of transcription factors; their degradation leads to the release and activation of various transcription factors, which subsequently regulate downstream signaling cascades and modulate responses to GAs. Several key transcription factors have been identified as direct targets of DELLA proteins. For example, it has been reported that PHYTOCHROME INTERACTING FACTORS (PIFs) (Feng et al., 2008; de Lucas et al., 2008) , BRASSINAZOLE RESISTANT1 (BZR1) (Bai et al., 2012; GallegoBartolomé et al., 2012) , MYC2 (Hong et al., 2012; Wild et al., 2012) , the WD-repeat/bHLH/MYB complex (Qi et al., 2014) , and class 1 TCP transcription factors (Daviè re et al., 2014) interact with DELLA proteins to regulate photomorphogenesis, sesquiterpene synthase, JA signaling, trichome development, and plant height, respectively. A previous study also showed that DELLAs could competitively interact with JAZ proteins and fine-tune JA signaling (Hou et al., 2010) .
The WRKY transcription factor family comprises 74 members in Arabidopsis (Eulgem et al., 2000; Dong et al., 2003; Eulgem and Somssich, 2007) , which have been shown to participate in various biotic and abiotic stress responses (Eulgem and Somssich, 2007; Rushton et al., 2010; Parinita et al., 2011; Chen et al., 2012) and several developmental and physiological processes (Johnson et al., 2002; Lagacé and Matton, 2004; Xu et al., 2004; Zhang et al., 2004; Zou et al., 2004; Miao and Zentgraf, 2007; Song et al., 2010; Zhou et al., 2011) . Expression profiling revealed that many WRKY genes are strongly induced during senescence, which constitute the second largest group of transcription factor genes in the senescence transcriptome (Guo et al., 2004) , strongly suggesting the involvement of WRKY transcription factors in leaf senescence. Recent functional analyses have provided some direct evidence showing that Arabidopsis WRKY proteins play important roles in senescence-associated regulatory pathways. For example, WRKY6 positively influences leaf senescence by specifically activating the expression of senescence-induced receptor-like kinase (SIRK) gene through direct W box interactions (Robatzek and Somssich, 2002) . WRKY53, WRKY54, and WRKY70 may interact with WRKY30 to participate in a regulatory network that integrates internal and environmental factors at the transcriptional level to modulate the onset and progression of leaf senescence (Hinderhofer and Zentgraf, 2001; Miao and Zentgraf, 2007; Ulker et al., 2007; Besseau et al., 2012) . WRKY22 is one of the target genes of WRKY53 (Miao et al., 2004) and functions in dark-induced senescence (Zhou et al., 2011) . Recently, WRKY57 was demonstrated to play a role in JA-induced leaf senescence ).
Despite the above-mentioned reports, the molecular mechanisms and signaling pathways by which WRKY transcription factors regulate leaf senescence still remain largely unclear. In this study, we used a molecular and genetic approach to investigate the role of WRKY45 in age-triggered leaf senescence. Our results demonstrate that altered WRKY45 expression affects GAregulated leaf senescence. We showed that WRKY45 acts as a transcriptional activator to transmit GA-mediated leaf senescence signals by directly binding the promoters of some SAG genes such as SAG12, SAG13, SAG113, and SEN4. Moreover, we found that RGL1 physically interacts with WRKY45 and represses its transcriptional activation function, and that overexpression of RGL1 represses age-triggered leaf senescence. Our results thus provide compelling evidence that WRKY45 functions as a positive regulator of GA-mediated leaf senescence in Arabidopsis.
RESULTS

WRKY45 Is a Senescence-Responsive Gene
Previous studies have demonstrated that WRKY45 is an important regulator in phosphate starvation . Analysis of WRKY45 expression using the Arabidopsis eFP browser at BAR indicated that WRKY45 is strongly expressed in senescing leaves compared with normal leaves (Supplemental Figure 1 ; Winter et al., 2007) , and we confirmed this result in the present study ( Figure 1A and 1B). Consistent with this finding, we also showed that WRKY45 expression was significantly induced during the early stage of leaf senescence (ES) and was further upregulated during the late stage of leaf senescence (LS) (Supplemental Figure 2A and Figure 1A ). Furthermore, a gradient of WRKY45 expression was detected that corresponded to the senescence gradient in individual leaves (from the tip to the base) (Supplemental Figure 2B and Figure 1B ). The molecular marker of leaf senescence SAG12 was used as a positive control (Noh and Amasino, 1999 ) and found to be specifically expressed in the senescing leaves (Supplemental Figure 2C and 2D ). Taken together, these results suggest that WRKY45 may function as a senescence-associated gene (SAG) to regulate the complex signaling and transcriptional networks underlying plant senescence. (A) Real-time qPCR analysis of WRKY45 transcript levels in wild-type leaves at different developmental stages. RNA was isolated from leaves as indicated in Supplemental Figure 2A from more than 20 plants. Transcript levels of WRKY45 in non-senescent (NS) leaves were arbitrarily set to 1. ACTIN2 was used as an internal control. Values are means ± SD of three independent biological replicates. **P < 0.01, Student's t-test compared with NS leaves. (B) Real-time qPCR analysis of WRKY45 transcript levels in different parts of a senescing wild-type leaf. RNA was isolated from leaves as indicated in Supplemental Figure 2B from more than 20 plants. Transcript levels of WRKY45 in NS leaves were arbitrarily set to 1. ACTIN2 was used as an internal control. Values are means ± SD of three independent biological replicates. **P < 0.01, Student's t-test compared with NS leaves.
(legend continued on next page)
Loss of WRKY45 Function Delays Age-Triggered Leaf Senescence
The strong expression of WRKY45 in senescent leaves prompted us to investigate its function in senescence. To this end, we characterized an RNA interference (RNAi) line and a transfer (T)-DNA insertion mutant for WRKY45 (WRKY45 RNAi-9 and wrky45 [GK-684G12-023118], respectively) (Supplemental Figure 3A-3C ; Wang et al., 2014) . WRKY45RNAi-9 and wrky45 were grown in soil under long-day (16 h light/8 h dark) conditions alongside wild-type controls. No differences in overall development or flowering time were observed compared with controls (Supplemental Figure 4A and 4B) . However, if rosettes of approximately 7-week-old plants were analyzed, both WRKY45 RNAi-9 and wrky45 plants showed delayed leaf senescence compared with wild-type plants ( Figure 1C ; Supplemental Figure 4C ). Measurement of chlorophyll content showed that chlorophyll was lost more slowly from the leaves of wrky45 mutants than from wild-type leaves ( Figure 1D ). Consistent with this pattern, ion leakage was significantly lower in wrky45 mutants than in wild-type ( Figure 1E ). Furthermore, expression of representative SAGs (such as SEN4, SAG12, SAG13, SAG29, and SAG113) was significantly lower in the mutants than in Col-0, whereas expression of photosynthetic genes reduced in senescence (such as CAB1 and RBCS1A) was markedly higher ( Figure 1F-1L ). These results suggest that WRKY45 functions as a positive regulator in age-triggered leaf senescence.
Overexpression of WRKY45 Promotes Age-Triggered Leaf Senescence
To further characterize the role of WRKY45 in age-triggered leaf senescence, we obtained two transgenic Arabidopsis plants constitutively expressing WRKY45 under the control of the cauliflower mosaic virus (CaMV) 35S promoter (35S:WRKY45-5 and 35S:WRKY45-15; Supplemental Figure 3D ). The 35S: WRKY45-5 plants showed a similar phenotype to wild-type in terms of overall development and flowering time, while the 35S:WRKY45-15 plants were relatively smaller in size and flowered slightly earlier compared with wild-type (Supplemental Figure 4A , 4B, and 4D). Unlike in wrky45 mutants, age-triggered leaf senescence was clearly accelerated in WRKY45-overexpressing plants compared with wild-type ( Figure 2A ; Supplemental Figure 4D ). The transgenic plants also displayed a significantly lower chlorophyll content, higher ion leakage, and higher expression of SAGs, but lower expression of photosynthetic genes than wild-type plants ( Figure 2B -2J). Thus, constitutive overexpression of WRKY45 led to accelerated leaf senescence in transgenic plants.
WRKY45 Binds the Promoters of SAG12, SAG13, SAG113, and SEN4 to Regulate Their Expression WRKY transcription factors function by directly binding a putative cis-element, the W box (T/CTGACC/T), in the promoters of their target genes (Eulgem et al., 2000; Ulker and Somssich, 2004 , respectively) ( Figure 3A ). This suggested that WRKY45 directly regulates the transcription of SAG12, SAG13, SAG113, and SEN4.
To further confirm the positive regulatory role of WRKY45, we generated and analyzed an SAG12 promoter-driven nuclear localization signal (NLS)-GFP fusion protein (SAG12 pro :NLS-GFP) in transient expression assays in Nicotiana benthamiana leaves ( Figure 3B ). SAG12 pro :NLS-GFP was used as a reporter plasmid. Effector plasmids were generated that contained either WRKY45 or GUS driven by the CaMV 35S promoter (35S pro :WRKY45 and 35S pro :GUS) ( Figure 3B ). Co-expression of WRKY45 with effector plasmids resulted in significantly enhanced GFP signals compared with control ( Figure 3C and 3D), supporting that WRKY45 is a positive regulator of age-triggered leaf senescence.
Physical Interaction between WRKY45 and RGL1
To understand how WRKY45 participates in age-triggered leaf senescence, we used a yeast two-hybrid system to identify its potential interaction partners. WRKY45 was fused with the BD domain of the pGBKT7 vector as bait. Yeast cells harboring the bait were transformed with a library of cDNAs containing inserts for prey proteins fused to GAL4-AD. We obtain 12 proteins as putative interacting partners of WRKY45 (Supplemental Table 1 ). Among them, RGL1 was of great interest. To confirm the interaction, the open reading frame sequences of RGL1 were fused with the AD domain of the pGADT7 vector and used for further interaction experiments with WRKY45. The bait and prey vectors were co-transformed into yeast, and the proteinprotein interactions were reconstructed ( Figure 4A ). Values are means ± SD of three independent biological replicates. *P < 0.05, **P < 0.01, Student's t-test compared with Col-0. Asterisks indicate the differences between WRKY45 RNAi-9 or wrky45 and wild-type at the same time.
(E) Membrane ion leakage of Col-0 and wrky45 mutant plants at the indicated leaf age. Leaves three to four from 12 to 15 plants of each genotype (approximately 26 leaves) were harvested and pooled. Values are means ± SD of three independent biological replicates. *P < 0.05, **P < 0.01, Student's t-test compared with Col-0. Asterisks indicate the differences between WRKY45 RNAi-9 or wrky45 and wild-type.
(F-L) Real-time qPCR analysis of transcript levels of senescence marker genes in age-triggered senescing leaves of Col-0 and wrky45 mutant plants. RNA was isolated from leaves three to four of each genotype in (C). Transcript levels of senescence marker genes in Col-0 plants were arbitrarily set to 1. ACTIN2 was used as an internal control. Values are means ± SD of three independent biological replicates. **P < 0.01, Student's t-test compared with Col-0.
The interaction between WRKY45 and RGL1 was further corroborated by co-immunoprecipitation (Co-IP) assays and bimolecular fluorescence complementation (BiFC). For the Co-IP analysis, HA-WRKY45 and Myc-RGL1 were co-expressed in N. benthamiana leaves. The protein complexes were incubated with anti-Myc and A/G-agarose beads, then separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis for immunoblotting with an anti-HA antibody. As shown in Values are means ± SD of three independent biological replicates. *P < 0.05, **P < 0.01, Student's t-test compared with Col-0.
(D-J) Real-time qPCR analysis of transcript levels of senescence marker genes in age-triggered senescing leaves of Col-0-and WRKY45-overexpressing plants. RNA was isolated from leaves three to four of each genotype in (A). Transcript levels of the senescence marker genes in Col-0 plants were arbitrarily set to 1. ACTIN2 was used as an internal control. Values are means ± SD of three independent biological replicates. *P < 0.05, **P < 0.01, Student's t-test compared with Col-0. Figure 4B , WRKY45 could pull down RGL1. To determine whether these interactions also occur in plant cells, we used BiFC. Full-length RGL1 and WRK45 proteins were fused to the N-or C-terminal region of a YFP fragment, yielding RGL1-nYFP and WRKY45-cYFP, respectively. Agrobacterium cells harboring the corresponding interaction pair were infiltrated into N. benthamiana leaves. In parallel, empty vectors in combination with each fusion construct were co-infiltrated into N. benthamiana leaves. After 48 h of incubation, YFP signals were observed by fluorescence microscopy. The samples coinfiltrated with an interaction pair showed YFP fluorescence in the cell nuclei, whereas none of the control samples yielded any signal ( Figure 4C ). These results indicate that WRKY45 and RGL1 co-localize and interact in plant-cell nuclei.
Repression of Age-Triggered Leaf Senescence by Overexpression of RGL1
Based on the knowledge that RGL1 interacts with WRKY45, we next determined whether altered expression of RGL1 or DELLA affects plant age-triggered leaf senescence. We first analyzed age-triggered leaf senescence in a penta (rga-t2 gai-t6 rgl1-1 rgl2-1 rgl3-1, loss-of-function) DELLA-deficient mutant, della. Age-triggered leaf senescence was markedly accelerated in della plants compared with wild-type plants, as indicated by the chlorophyll content and expression of both senescence-associated and photosynthetic genes (Supplemental Figure 5) . Although higher GA 3 concentration has a relatively strong effect on leaf senescence, exogenous treatment with GA 3 can generally promote leaf senescence in Arabidopsis (Supplemental Figure 6) . Conversely, the overexpression of RGL1 conferred dramatically enhanced leaf longevity in age-triggered senescence in transgenic Arabidopsis (35S:RGL1; Supplemental Figures 7 and Figure 5 ). Furthermore, both the GA-deficient mutant ga1 and the triple GA receptor mutant gid1a gid1b gid1c showed dramatically delayed age-triggered leaf senescence compared with wild-type plants (Supplemental Figure 8) . Therefore, our results demonstrated that GA may have a negative effect on age-triggered leaf senescence. 
RGL1-Mediated Repression of Transcriptional Activation Function of WRKY45
Previous studies have shown that DELLAs directly interacts with several transcription activators, including PIFs, MYC2, BZR1, and EIN3, to inhibit their DNA-binding and transcriptional activities Hong et al., 2012; Xiang et al., 2012) . Likewise, DELLA can interfere with several components of hormonal and developmental signaling pathways through protein-protein interactions (Hou et al., 2010; Zhang et al., 2011; Qi et al., 2014) . In other cases, DELLAs can function as coactivators, for instance by interacting with INDETERMINATE DOMAIN proteins and GAF1 transcription factors to regulate the GA signaling pathway (Fukazawa et al., 2014; Yoshida et al., 2014) . Based on the fact that WRKY45 and RGL1 have opposite roles in regulating age-triggered leaf senescence, we proposed that interaction with RGL1 may repress the transcriptional activation function of WRKY45 on target genes.
To assess this possibility, 35S pro :WRKY45, 35S pro :RGL1, and 35S pro :GUS were used as effector plasmids and SAG12 pro : NLS-GFP was again used as a reporter plasmid ( Figure 6A ). Transformation of the reporter construct into N. benthamiana leaves resulted in a relatively low fluorescence signal ( Figure 6B ). However, when SAG12 pro :NLS-GFP and 35S pro :WRKY45 were co-infiltrated into N. benthamiana leaves, a much stronger fluorescence signal was observed ( Figure 6B ). In contrast, co-infiltration of SAG12 pro :NLS-GFP and 35S pro :RGL1 generated relatively lower fluorescence levels ( Figure 6B ). In addition, co-infiltration of SAG12 pro :NLS-GFP with 35S pro :RGL1 and 35S pro :WRKY45 generated a dramatically weaker fluorescence signal than co-infiltration of SAG12 pro : NLS-GFP with 35S pro :WRKY45 ( Figure 6B ). As a control, coinfiltration of SAG12 pro :NLS-GFP with 35S pro :GUS and 35S pro : WRKY45 was performed, but no obvious differences in fluorescence signal were observed compared with co-infiltration of SAG12 pro :NLS-GFP and 35S pro :WRKY45 ( Figure 6B ). These results indicate that RGL1 represses the transcriptional activation function of WRKY45.
To further verify the effect of RGL1 on WRKY45 transcriptional function, we analyzed relative GFP expression in N. benthamiana leaves. We detected high levels of GFP transcripts in SAG12 pro :NLS-GFP-and 35S pro :WRKY45-co-infiltrated N. benthamiana leaves ( Figure 6C ). In contrast, coexpression of RGL1 protein with WRKY45 significantly suppressed GFP transcript accumulation ( Figure 6C ), further supporting that RGL1 represses the transcriptional activation function of WRKY45.
To explore the role of RGL1 in WRKY45-mediated transcription activation, we determined whether RGL1 associates with DNA to directly inhibit the expression of SAGs. We then conducted ChIP experiments using 35S pro :RGL1-GFP transgenic plants.
The ChIP-PCR results revealed no obvious association of RGL1 with the transcriptional regulation-related sequence of WRKY45 target genes such as SAG12 and SAG113 (Supplemental Figure 9 ), suggesting that RGL1 may not directly inhibit the expression of SAGs.
To determine whether the binding of WRKY45 to its target genes is affected by RGL1, we crossed 35S pro :HA-WRKY45 with 35S pro :RGL1-GFP to produce HA-WRKY45/RGL1-GFP. Threeweek-old HA-WRKY45/RGL1-GFP seedlings treated with GA 3 , paclobutrazol (PAC, a GA biosynthesis inhibitor) or the (D-J) Real-time qPCR analysis of transcript levels of senescence marker genes in age-triggered senescing leaves of Col-0-and RGL1-overexpressing plants. RNA was isolated from leaves three to four of each genotype in (A). Transcript levels of the senescence marker genes in Col-0 plants were arbitrarily set to 1. ACTIN2 was used as an internal control. Values are means ± SD of three independent biological replicates. **P < 0.01, Student's t-test compared with Col-0.
corresponding solvent (mock) were used for ChIP-qPCR. GA 3 treatment was found to enhance the binding of WRKY45 to the promoters of SAG12 and SAG113 compared with mock treatment ( Figure 6D ), while PAC treatment clearly decreased the interaction of WRKY45 with its target gene promoters ( Figure 6D ). This result suggests that RGL1 may decrease the binding ability of WRKY45 to its target genes in vivo.
Overexpression of RGL1 Partially Rescues the Early Senescence Phenotype of WRKY45-Overexpressing Plants
To further examine the regulatory effect of RGL1 on the transcriptional function of WRKY45, we investigated whether overexpression of RGL1 represses development of the acceler- Figure 7B-7I) . These results suggest that RGL1 overexpression partially suppresses the early-senescence phenotype in 35S: ( Figure  7 ), further supporting that RGL1 represses the transcriptional activation function of WRKY45.
Involvement of WRKY45 in GA-Mediated Leaf Senescence
Based on the above results, we wondered whether knockdown or ectopic expression of WRKY45 altered the plant response to GA compared with wild-type. If GA promotes senescence independently of WRKY45, the accelerated leaf senescence should be similar among wild-type, 35S: , and wrky45 plants. We first investigated the effect of WRKY45 expression following GA treatment and in GA synthesis or signaling mutants. GA 3 treatment was shown to induce the expression of WRKY45 ( Figure 8A ). Furthermore, its expression was dramatically decreased in ga1 and gid1agid1bgid1c mutants but was enhanced in the della mutant ( Figure 8B ). Consistently, ectopic expression or knockdown of WRKY45 led to accelerated and delayed GA-mediated leaf senescence, respectively, when compared with the wild type, as indicated by the chlorophyll content and expression of (A) Real-time qPCR analysis of WRKY45 transcript levels following GA treatment. RNA was isolated from leaves treated with GA 3 or Mock. Transcript levels of WRKY45 in untreated Col-0 leaves were arbitrarily set to 1. ACTIN2 was used as an internal control. Values are means ± SD of three independent biological replicates. *P < 0.05, **P < 0.01, Student's t-test compared with mock.
(B) Real-time qPCR analysis of WRKY45 transcript levels in ga1, gid1agid1bgid1c, and della mutant plants. RNA was isolated from leaves three to four of the indicated genotype (6 weeks old). For ga1 and gid1agid1bgid1c mutants, transcript levels of WRKY45 in Col-0 were arbitrarily set to 1; for della mutants, transcript levels of WRKY45 in Ler plants were arbitrarily set to 1. ACTIN2 was used as an internal control. Values are means ± SD of three independent biological replicates. **P < 0.01, Student's t-test compared with Col-0 or Ler. (E) Relative expression of SAG12 in the leaves of 28-day-old wild-type, WRKY45 mutants, and overexpressing plants as treated in (C). RNA was isolated from leaves three to four of the indicated genotype. Transcript levels of SAG12 in Col-0 plants were arbitrarily set to 1. ACTIN2 was used as an internal control. Values are means ± SD of three independent biological replicates. **P < 0.01, Student's t-test compared with Col-0.
(F) A working model illustrating WRKY45 functions in GA and age-triggered leaf senescence. WRKY45 is a senescence-associated gene that is upregulated during leaf aging and induced by GA. The GA pathway generally promotes leaf senescence in Arabidopsis. The DELLA protein RGL1 interacts with WRKY45 to inhibit its transcriptional activation function. WRKY45 directly binds the promoters of SAGs such as SAG12, SAG13, SAG113, and SEN4 to activate their expression during leaf senescence.
SAG12 ( Figure 8C-8E ). These results indicate that WRKY45 participates at least partially in the regulation of GA-mediated leaf senescence.
DISCUSSION
Leaf senescence is the final stage of leaf development and is essential for plant growth, reproduction, and fitness, because it enables nutrient and energy relocation from aging leaves to developing tissues and storage organs. Leaf senescence is an active degenerative process linked to physiological and biochemical changes at the cellular, tissue, organ, and organism levels, and can be regulated by multiple environmental stressors and endogenous signals, including age, developmental cues, and plant growth regulators Amasino, 1995, 1997; Yoshida, 2003; Guo and Gan, 2005) . GA serves as an important endogenous signal to regulate age-dependent leaf senescence, and recent research demonstrated that mutation of DELLA genes in Arabidopsis promotes leaf senescence ). Our results demonstrate that WRKY45 may positively regulate age-dependent leaf senescence via the GA pathway.
WRKY45 Positively Regulates Age-Dependent Leaf Senescence
Plant senescence is precisely regulated by the coordinated expression of many different SAGs. A major breakthrough in the molecular understanding of this phenomenon has been achieved through the identification and characterization of hundreds of SAGs and various senescence-related mutants (Buchanan-Wollaston et al., 2003) . Many transcription factors are induced at the transcriptional level during leaf senescence, indicating that leaf senescence is governed by complex transcriptional regulatory networks (Buchanan-Wollaston et al., 2003 Breeze et al., 2011; Liu et al., 2011) . Although the WRKY factors constitute the second largest group of transcription factors of the senescence transcriptome (Guo et al., 2004) , the biological functions of the majority of WRKY family members expressed during leaf senescence remain elusive. In Arabidopsis, several WRKY transcription factors, such as WRKY6 (Robatzek and Somssich, 2002) , WRKY22 (Zhou et al., 2011) , WRKY53 (Miao and Zentgraf, 2007) , WRKY54 (Besseau et al., 2012) , WRKY57 , and WRKY70 (Ulker et al., 2007; Besseau et al., 2012) , have been reported to participate in the regulation of leaf senescence.
Our investigation indicated that WRKY45 transcripts are highly expressed in senescent leaves compared with young leaves in wildtype Col-0, implying that WRK45 may also serve as an SAG. Furthermore, wrky45 mutant plants show delayed leaf senescence, while WRKY45-overexpressing plants exhibit accelerated leaf senescence compared with wild-type plants (Figures 1  and 2 ). These senescence phenotypes corresponded with altered expression of several molecular markers for leaf senescence ( Figures 1F-1L and 2D-2J ). Among the SAGs that showed altered expression in both wrky45 mutants and overexpression lines, SAG12, SAG13, SAG113, and SEN4 were found to contain several WRKY-specific W box cis elements in their promoters. Our ChIP experiments demonstrated that WRKY45 binds to the SAG12, SAG13, SAG113, and SEN4 promoters, suggesting that these SAGs are direct targets of WRKY45 ( Figure 3A) . (Chen et al., 2013) , and WRKY57 can directly repress the expression of SEN4 and SAG12 in JA-induced leaf senescence . Recently, WRKY45 was demonstrated to directly upregulate PHT1;1 expression in response to phosphate starvation . These reports indicate that WRKY transcription factors act as both positive and negative regulators, and that they participate in the tight regulation and fine-tuning of the complex signaling and transcriptional networks that mediate plant growth and stress responses.
WRKY45 Partially Mediates GA Signaling during AgeDependent Leaf Senescence
Although major advances have been made in elucidating the mechanisms of GA signal transduction in model plants such as Arabidopsis, the detailed mechanisms by which GA modulates leaf senescence are still poorly understood. Previous studies have shown that exogenous application of GA could delay senescence in detached leaves of dandelion (Taraxacum officinale), banana (Musa cavendishii Lamb) (Whyte and Luckwill, 1966) , nasturtium (Tropaeolum majus), and rumex (Rumex crispus and Rumex obtusifolius) (Beevers, 1966; Goldthwaite and Laetsch, 1968) . In addition, a recent study found that exogenous application of 500 mM GA 3 to Arabidopsis rosette leaves promotes leaf senescence, and that removal of DELLA repression accelerates leaf senescence in the mutant ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 . Thus, the role of GA in senescence seems contradictory, and additional experiments are needed to determine the exact mechanisms underlying GA-mediated leaf senescence. Our observations are consistent with those reported by Chen et al. (2014) and further confirm the negative effect of GA signaling on leaf senescence. Extensive indirect evidence has confirmed that plant WRKY proteins play a role in senescence, but information about the biological roles of specific WRKY proteins in GA-mediated agedependent leaf senescence is still limited. Our present results imply that WRKY45 may function as a key modulator of leaf senescence via the GA signaling pathway.
Recently, DELLAs have been characterized as repressors of GA signaling. We recently revealed that GA regulates plant flowering via interactions between DELLAs and CO (Wang et al., 2016) . We showed that DELLAs transduce the GA signal by interacting with various transcription factors. WRKY45 expression is elevated in senescent leaves, and WRKY45 physically interacts with the DELLA protein RGL1. Similar to the group I TCP transcription factors, which interact with DELLAs and function as positive regulators in plant height determination (Daviè re et al., 2014) , WRKY45 functions as a positive regulator in age-dependent leaf senescence by interacting with RGL1. It is likely that RGL1 interferes with the transcriptional function of WRKY45. Real-time qPCR analysis showed that WRKY45 responds to exogenous GA treatment and has altered expression in GA-related mutants ( Figure 8A and 8B), implying that WRKY45 can be regulated by GA at the transcription level. Transient expression assays also confirmed that RGL1 suppresses the transcriptional activation of SAG12 by WRKY45, ChIP-qPCR revealed that RGL1 decreases the binding ability of WRKY45 to its target genes in vivo (Figure 6 ), and genetic analysis demonstrated that RGL1 alleviates the early-senescence phenotype observed in WRKY45-overexpressing plants (Figure 7 ). These data suggest that the DELLA protein RGL1 can repress the transcriptional regulatory activity of WRKY45.
Our results demonstrate the molecular mechanisms underlying the regulation of age-triggered leaf senescence by WRKY45. They indicate that WRKY45 functions as a novel component of the senescence regulatory network, and that WRKY proteins participate in GA-mediated leaf senescence via interaction with DELLAs. However, it remains to be investigated how leaf development regulates WRKY45 transcription and translation, and whether this mechanism is conserved for other senescenceassociated WRKY transcription factors. Overall, we have shown that WRKY45 functions as a component of the regulatory network that integrates age and GA signaling to modulate the onset and progression of leaf senescence. Finally, a working model for the function of WRKY45 in GA and age-triggered leaf senescence was proposed ( Figure 8F ). In the future, it will be interesting to determine possible changes in GA content during senescence and to identify additional senescence-associated proteins that are targeted by DELLAs, which would provide further insights into the mechanisms of GA-mediated leaf senescence. ]/8-h dark cycle). Primers used for the identification of mutants or clones are listed in Supplemental Table 2 .
METHODS
Materials and Arabidopsis Growth Conditions
Real-time qPCR Analysis
For real-time qPCR analysis, total RNA was extracted using TRIzol reagent (Invitrogen) and treated with RNase-free DNase (Fermentas) according to the manufacturer's instructions. Total RNA (1 mg) was reverse transcribed in a 20-ml reaction mixture using Superscript II (Invitrogen). Aliquots (1 ml) were then used as templates for real-time qPCR. Halfreactions (10 ml each) were performed with the Lightcycler FastStart DNA Master SYBR Green I Kit (Roche, Mannheim, Germany) on a Roche LightCycler 480 real-time PCR machine, according to the manufacturer's instructions. ACT2 (AT3G18780) was used as a control, and gene-specific primers are listed in Supplemental Table 2 .
Construction of Transgenic Overexpression Lines
To generate 35S Pro :WRKY45 and 35S Pro :RGL1 constructs, the cDNA fragment containing the full coding sequence was excised from a cloning plasmid and subcloned into the same restriction sites of the Agrobacterium transformation vector pOCA30 in the sense orientation behind the CaMV 35S promoter. Arabidopsis transformation was performed by the floral dip procedure. The seeds were collected from infiltrated plants and selected on half-strength Murashige and medium containing 50 mg/ml kanamycin. Kanamycin-resistant plants were transferred to soil 8 days after germination and were grown in a growth chamber.
Yeast Two-Hybrid Assay
The full-length WRKY45 coding sequence (CDS) was cloned into the bait vector pGBKT7 (BD-WRKY45) and then transformed into the yeast strain Y2HGold (Clontech). The cDNA library was constructed with mRNAs isolated from mixed Arabidopsis materials, including senescing leaves and leaves treated with or without senescence-associated phytohormones, including JA, ET, SA, ABA, GA, and indole-3-acetic acid, and cloned into the pGADT7-Rec vector. Two-hybrid screening was performed via the mating protocol described in Clontech's Matchmaker Gold Yeast Two-Hybrid user manual. To confirm protein-protein interactions, the full-length RGL1 CDSs were cloned into the prey vector pGADT7.
BiFC Assays
The cDNA sequences of enhanced YFP fragments, 173 amino acids located in the N terminus (nYFP), and 64 amino acids located in the C terminus (cYFP), were PCR amplified and cloned into the Xba I-Xho I and Bam HI-Xho I sites of pFGC5941 to generate pFGC-nYFP and pFGCcYFP, respectively. The full-length RGL1 CDS was inserted into pFGCcYFP to generate a C-terminal in-frame fusion with cYFP, while the WRKY45 CDS was introduced into pFGC-nYFP to form N-terminal in-frame fusions with nYFP. The resulting plasmids were introduced into Agrobacterium tumefaciens (strain EHA105), and the infiltration of N. benthamiana was performed as described previously (Hu et al., 2013) . Infected tissues were analyzed 48 h after infiltration. YFP and 4 0 ,6-diamidino-2-phenylindole fluorescence were observed under a confocal laser scanning microscope (Olympus). The primers used for BiFC are listed in Supplemental Table 2 .
Co-IP Assays
WRKY45 and RGL1 were individually cloned into tagging plasmids behind HA or Myc tag sequences, respectively. HA-fused WRKY45 and Mycfused RGL1 were then transiently co-expressed in N. benthamiana leaves. All infected leaves were treated with 10 mM MG132 and 20 mM paclobutrazol (a GA biosynthesis inhibitor) 40 h after infiltration. After 8 h, leaves were homogenized in extraction buffer containing 50 mM 400 Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.1% (w/v) Triton X-100, and 13 complete protease inhibitor cocktail (Roche). Then, MYC-fused RGL1 and MYC were immunoprecipitated using an anti-MYC antibody, and coimmunoprecipitated proteins were detected using an anti-HA antibody.
ChIP Assays
Sixteen-day-old seedlings of HA-WRKY45 and Col-0 were used as materials for ChIP as described previously (Saleh et al., 2008) . The HA antibody (Thermo Fisher Pierce) was used to immunoprecipitate the protein-DNA complex, and the precipitated DNA was purified using a PCR purification kit for real-time qPCR analysis. The ChIP experiments were performed three times. Chromatin precipitated without antibody was used as the negative control, while isolated chromatin before precipitation was used as the input control. ChIP results are presented as a percentage of input DNA. The primers used for real-time qPCR amplification are listed in Supplemental Table 2 .
Transient Expression Assays
Transient expression assays were performed in N. benthamiana leaves. The NLS was fused with a GFP reporter gene behind the native promoter of SAG12. The full-length CDSs of RGL1, GUS, and WRKY45 were driven by the CaMV 35S promoter. These constructs were then introduced into A. tumefaciens (strain EHA105). Infected tissues were analyzed 48 h after infiltration. The GFP signal was observed under a confocal laser scanning microscope (Olympus). All experiments were repeated with five independent biological replicates with similar results.
GA and PAC Treatments
GA 3 (Sigma-Aldrich) was stored in 100% ethanol. Two solutions were then prepared: (1) GA 3 500 mM, Tween 0.1%; and (2) pure ethanol 1%, Tween 0.1%. Eight-day-old soil-grown plants were sprayed with solution 1 (GA 3 ) or solution 2 (mock) every other day until the formation of the first silique. Three-week-old HA-WRKY45/RGL1-GFP seedlings were incubated in liquid half-strength MS medium supplemented with 50 mM GA or mock for 8 h and then harvested. For PAC treatment, HA-WRKY45/RGL1-GFP seeds were sown on half-strength MS medium for 10 days, and then transferred to half-strength MS medium containing 1 mM PAC. Seedlings were harvested at the age of 3 weeks.
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